An alcoholic extract of Lycoris albiflora (Amaryllidaceae) showed potent cytotoxic activity against HL-60 cells with an IC 50 value of 1.7 μg/mL. Phytochemical examination of the extract resulted in the isolation of 15 alkaloids, including two phenanthridine-type alkaloids (1, 2), one benzylphenethylamine-type alkaloid (3), two crinane-type alkaloids (4, 5), one pyrrolophenanthridine-type alkaloid (6), six lycorenan-type alkaloids (7−12), and three galanthamine-type alkaloids (13−15), together with three neolignans (16−18), two flavans (19, 20), and two acetophenone derivatives (21, 22). Compound 3 (hostasinine A) has not been isolated from Amaryllidaceae plants, and 1, 2, 4, 5, 7−9, 11, 12 and 14−22 are the first isolation and identification from L. albiflora. The phenanthridine-type alkaloids (1, 2) , as well as the alkaloids (3−5), exhibited potent cytotoxic activities against not only HL-60 cells but also HSC-2 cells, thus leading to the conclusion that these alkaloids are mainly responsible for the cytotoxicity of the L. albiflora extract. Compound 1 (lycoricidinol), with the most potent cytotoxic activities, induced apoptosis in both HL-60 cells and HSC-2 cells. It is notable that 1 induced transient autophagy and morphological changes in mitochondria in the early stages of the apoptotic cell death process in HSC-2 cells.
Plants belonging to the family Amaryllidaceae contain a number of alkaloids with a diversity of basic chemical structures and significant biological activities. In the course of our systematic survey of bioactive compounds from higher plants, we have found that an alcoholic extract of Lycoris albiflora showed potent cytotoxic activity against HL-60 cells with an IC 50 value of 1.7 μg/mL, which prompted us to make a thorough chemical investigation of the extract. This resulted in the isolation of 15 alkaloids, including two phenanthridine-type alkaloids (1, 2) , one benzylphenethylamine-type alkaloid (3), two crinane-type alkaloids (4, 5) , one pyrrolophenanthridine-type alkaloid (6), six lycorenantype alkaloids (7−12) , and three galanthamine-type alkaloids (13−15) , together with three neolignans (16−18) , two flavans (19, 20), and two acetophenone derivatives (21, 22) . This is a report on the identification of 1−22 and their cytotoxic activities against HL-60 human promyelocytic leukemia cells and HSC-2 human oral squamous cell carcinoma cells, as well as their morphological changes observed in the cell death process.
The fresh bulbs of L. albiflora were decocted with hot MeOH. The concentrated MeOH extract, which showed cytotoxic activity against HL-60 cells with an IC 50 value of 1.7 μg/mL, was passed through a Diaion HP-20 column, successively eluted with 30% MeOH, 50% MeOH, MeOH, EtOH, and EtOAc. The MeOH, EtOH, and EtOAc eluate fractions were repeatedly subjected to column chromatography on silica gel, octadecylsilanized (ODS) silica gel and aminopropyl-bonded (NH) silica gel, and reversed phase HPLC, giving compounds 1 (50.2 mg), 2 (12.5 mg), 3 (2.6 mg), 4 (11.1 mg), 5 (79.5 mg), 6 (108 mg), 7 (17.2 mg), 8 (25.3 mg), 9 (3.6 mg), 10 (4.9 mg), 11 (61.0 mg), 12 (88.9 mg), 13 (8.4 mg) , 14 (38.5 mg), 15 (7.0 mg), 16 (17.5 mg), 17 (3.7 mg), 18 (5.2 mg), 19 (3.6 mg), 20 (2.9 mg), 21 (12.0 mg), and 22 (49.5 mg).
Compounds 1−22 were identified as lycoricidinol (1) [1] , lycoricidine (2) [2] , hostasinine A (3) [3] , haemanthamine (4) [4] , (±)-haemanthidine (5) [5] , lycorine (6) [6a] , (5α,7α)-7-methoxy-1-methyl-9,10-[methylenebis(oxy)]lycorenan-5-ol (7) [6b], hippeastrine (8) , respectively, on the basis of their physical and spectroscopic data ( Figure 1 ). Detailed 1 H and 13 C NMR data for 7−12 are described for the first time in this paper ( Table 1 ).
The isolated compounds (1−22), the 7-O-methyl derivative (1a) of 1, and pancratistatine (23) were evaluated for their cytotoxic activities against HL-60 cells ( Table 2) . Compounds 1, 1a, and 2−6, which showed potent cytotoxic activities against HL-60 cells, were also subjected to a cytotoxic screening test using HSC-2 cells.
Phenanthridine-type alkaloids (1, 2), as well as 4−6, showed potent cytotoxic activities against both HL-60 cells and HSC-2 cells and are concluded to mainly contribute to the cytotoxicity of the L. albiflora extract. The cytotoxic activities of the 7-O-methyl derivative (1a) [12c] of 1 and C-7 dehydroxy derivative (2) of 1 were less potent than that of 1 by about one to three orders by magnitude. These data imply that the C-7 hydroxy group is very important for the appearance of the potent cytotoxic activities in the 1-related compounds. Pancratistatine (23), a phenanthridine-type alkaloid obtained from Habranthus brachyandrus [13] , differs from 1 in structure with the presence of an additional hydroxy group at C-1β. It was less cytotoxic to HL-60 cells and HSC-2 cells compared to 1. The structural modification of 1 other than the C-7 hydroxy group also decreased the potent cytotoxic activities of 1. OH OMe In the lycorenan-type alkaloids (7−12), only 8 showed moderate cytotoxicity against HL-60 cells. The methylenedioxy group and C-5 hydroxy group are suggested to be the structural requirements for the cytotoxicity of 8. The displacement of the C-7 carbonyl group by a methoxy group (7) or N-oxidation (9) in 8 diminished its cytotoxicity. In agarose-gel electrophoresis of each DNA fraction of the 1-treated HL-60 cells and HSC-2 cells, a typical ladder pattern of the internucleosomal fragmentation of DNA was observed ( Figure 3 ). Caspases are cysteine proteases and play essential roles in the apoptotic signaling pathways. Among caspases, caspase-3 has been shown to be the executing enzyme of apoptosis. Caspase-3 was markedly activated in the two cell lines treated with 1 ( Figure 4 ). These data indicate that 1 induced apoptotic cell deaths in HL-60 cells and HSC-2 cells. It has been reported that some anticancer agents, natural products, and γ-ray irradiation have induced autophagy in tumor cells [14a,14b] . Resveratrol, a natural phytoalexin in grapes, nuts, and red wine, has been shown to induce autophagic cell death in A2780 ovarian cancer cells [15] . The autophagic cell death has been named type II cell death or autophagic suicide as opposed to non-autophagic apoptotic or type I cell death [16] . Microtubule-associated protein-1 light chain-3 (LC3), the homologue of the yeast Apg8/Aut7p gene, localizes on the autophagosomal membrane during autophagy [14a] . The LC3-GFP fused protein is used frequently to detect autophagy through the increased presence of GFP puncta within the cytoplasm. Figure 5 shows that treatment of HSC-2 cells with 1 or etoposide led to increased autophagocytic LC3-GFP puncta, compared with HSC-2 cells treated with cisplatin and those untreated.
In electron microscopic analysis, no obvious changes could be observed of HSC-2 cells treated with 1 at a sample concentration of 0.05 μM, whereas the decrease in size and darkened matrix of mitochondria were recognized at 0.15 or 0.45 μM ( Figure 6 , Table 2 ). Such changes were also found in HL-60 cells during autophagic regression by a morphinone, an oxidation product of morphine [17] .
The above results suggest that transient autophagic induction and morphological changes of mitochondria in HSC-2 cells, which were observed in the early stages of the apoptotic cell death process, may be associated with the strong cytotoxicity of 1 . Compound 1 (lycoricidinol) , a phenanthridine-type alkaloid, is a promising lead on new medicines effective in the treatment of oral squamous cell carcinoma, which is resistant to most anticancer agents. (17.5 mg) . Fraction IV was chromatographed on NH silica gel eluted with CHCl 3 -MeOH (1:0; 49:1; 19:1) to give 3 (2.6 mg), 5 (79.5 mg), 6 (108 mg), and 14 (38.5 mg). Fraction V was subjected to an ODS silica gel column eluted with MeOH-H 2 O (2:5; 2:3; 1:1; 3:2) to afford 2 (12.5 mg), 15 (7.0 mg), and 17 (3.7 mg).
Experimental
Compound 9 (3.6 mg) was isolated from fraction VII by subjecting it to ODS silica gel CC eluted with MeOH-H 2 O (2:5; 2:3) and NH silica gel CC eluted with hexane-CHCl 3 -MeOH (12:9:1). Fraction X was subjected to ODS silica gel CC eluted with MeOH-H 2 O (2:5; 2:3) to give 1 (50.2 mg). The EtOH and EtOAc eluate portions were combined (7.0 g), and chromatographed on silica gel eluted with CHCl 3 -MeOH-H 2 O (1:0:0; 19:1:0; 9:1:0; 40:10:1) and ODS silica gel eluted with MeOH-H 2 O (2:1; 3:1) to give 11 (61.0 mg) and 21 (12.0 mg).
Methylation of 1:
Compound 1 (4.1 mg) was dissolved in MeOH (1.5 mL) at 0°C, to which an excess amount of 2 M TMSCHN 2 solution in hexane was added. After the mixture was stirred at room temperature for 12 h, it was subjected to silica gel CC eluted with CHCl 3 -MeOH (9:1) to yield 1a (1.1 mg).
Cell culture assays:
The cell growth was measured with an MTT reduction assay as described in a previous paper [13] . Briefly, HL-60 cells or HSC-2 cells were maintained in RPMI 1640 medium or DMEM containing heat-inactivated 10% (v/v) FBS supplemented with L-glutamine, 100 unit/mL penicillin G sodium salt, and 100 μg/mL streptomycin sulfate. The cells (HL-60 cells: 4 × 10 4 cells/mL, HSC-2 cells: 1 × 10 5 cells/mL) were continuously treated with each compound for 24-72 h, and cell growth was measured with an MTT reduction assay procedure. Dose-response curves were plotted for 1, 1a, 2−6, 8, 16, and 19, and concentrations giving a 50% growth inhibition (IC 50 ) were calculated.
DAPI staining:
The cells (HL-60 cells: 2 × 10 4 cells/well, HSC-2 cells: 1 × 10 4 cells/well) were plated on coverslips in 96-well plates. After 24 h, HL-60 cells were treated with 0.018, 0.18, or 1.8 μM of 1, 17.0 μM of etoposide, or 33.3 μM of cisplatin for 24 h, while HSC-2 cells were treated with 0.05, 0.5, or 5 μM of 1, 34.0 μM of etoposide, or 33.3 μM of cisplatin for 24 h. The cells were fixed with 1% glutaraldehyde for 30 min at room temperature then stained with DAPI, 0.5 μg/mL of 70% EtOH at room temperature, and observed immediately with CKX41 fluorescence microscopy (Olympus, Tokyo, Japan).
Assay for DNA fragmentation:
The cells were incubated at 37°C for 24 h while varying the concentrations of the test samples. DNA was extracted with a commercially available kit (Wizard Genomic DNA Purification Kit, Promega, WI, U.S.A.). In brief, the cells were centrifuged for 5 min at 10930 rpm. The cell pellet was resuspended in 600 μL of nuclei lysis solution. Then, 3 μL of 4 mg/mL RNaseA solution was added to the cell lysate, and the solution was incubated at 37°C for 15 min. A protein precipitation solution (200 μL) was added to the RNaseAtreated cell lysate, and the mixture was incubated for 5 min on ice and centrifuged at 10930 rpm for 5 min. The supernatant was transferred to a clean 1.5 mL microcentrifuged tube containing 600 μL of 2-propanol and mixed by inversion. After centrifugation at 10930 rpm for 5 min, DNA was visible as a small white pellet, and it was washed with 70% EtOH. Finally, the pellet was resuspended in 25 μL of DNA rehydration solution and incubated at 65°C for 1 h, which was stored at -20°C until use. The sample (10-15 μL) was applied to 2% agarose gel electrophoresis in 40 mM Tris-acetate buffer (pH 7.4) at 50 V for 1 h. DNA molecular weight marker (pHY marker, Takara, Shiga, Japan) and DNA from apoptotic HL-60 cells induced by 17.0 μM etoposide and 33.3 μM cisplatin, or DNA from apoptotic HSC-2 cells induced by 34.0 μM etoposide and 33.3 μM cisplatin were used for calibration. The DNA fragmentation pattern was examined in photographs taken under UV illumination.
Assay for caspase-3 activity:
The activity of caspase-3 was measured using a commercially available kit (APPOCYTO Caspase-3 Colorimetric Assay Kit, MBL, Aichi, Japan). HL-60 cells and HSC-2 cells were treated with test samples for 6 h, and the cells were collected. Cell pellets were suspended in 60 μL of ice cold cell lysis buffer and incubated on ice for 10 min. This cell pellet suspension was centrifuged at 10930 rpm for 5 min, and the supernatant was collected. The cell lysate (50 μL, equivalent to 200 μg of protein) was mixed with 50 μL of 2 × reaction buffer containing the substrates for caspase-3 (DEVD-pNA (p-nitroanilide)). After incubation for 1 h at 37°C, the absorbance at 405 nm of the liberated chromophore pNA was measured using a microplate reader. The activity of caspase-3 was evaluated in triplicate.
Evaluation of localized LC3-GFP:
cDNA encoding microtubule-associated protein LC3 was obtained by RT-PCR from the total RNA of the HSC-2 cells with the LC3 sense primer (5'-GGGAATTCATGCCGTCGGAGAAGACCTT-3') and LC3 antisense primer (5'-GGGAATTCTAGATTACACTGACAATTTCATCC-3'). It was subcloned into the EcoRI site of pAcGFP1-C2, a GFP fusion protein expression vector (Clontech Laboratories, Mountain View, CA, U.S.A.). The plasmid construct was verified by DNA sequencing using an Applied Biosystems 310 DNA sequencer (Foster City, CA, U.S.A.) [18] . HSC-2 cells were seeded at 1 × 10 5 cells/mL in a 24 well plate, and the next day, the cells were transfected with a mixture of 1.6 μg of plasmid DNA and 2.4 μL of FuGENE HD transfection reagent (Roche, IN, U.S.A.). After transfection for 24 h, the cells were used for the experiment. Mock transfection was performed using the empty pAcGFP1-C2 expression vector. The GFP-LC3 transfected HSC-2 cells were observed by a Laser Scanning Microscope LSM510 (Carl Zeiss, Gottingen, Germany), using an excitation filter 488 nm and an emission filter 505-530 nm, as described previously [18] .
Electron microscopy: HSC-2 cells were fixed for 3 min with 2% glutaraldehyde, and the cells were harvested by gentle scraping with a rubber policeman. After incubation on ice for 45 min, cells were pelleted by centrifugation at 4000 rpm for 3 min, and were washed twice with 0.1 M cacodylate buffer (pH 7.4) at 4°C, postfixed for 1.5 h with 1% osmium tetraoxide at 4°C, dehydrated and then embedded in Araldite 502 (Ciba-Geigy, Basel, Switzerland; Nisshin Engineering, Tokyo, Japan). Fine sections were stained with uranyl acetate and lead citrate, and were then observed under a JEM-1210 transmission electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 100 KV [17] . The mitochondrial area (S) was calculated by the following equation: S=πab/4, where a and b long are shorter and longer diameters of mitochondria, respectively, measured on the enlarged photograph.
